The mechanism for L-lactate transport across microvillous membrane vesicles prepared from rat placenta was examined. Uptake of L-lactate into these vesicles was mainly the result of transport into the intravesicular (osmotically active) space. The initial rate of L-lactate uptake was not affected by the presence of an inward gradient of either Na+ or K+. In the presence of an inward-directed proton gradient, L-lactate uptake was markedly stimulated, accumulating at concentrations 6-7-fold higher than the equilibrium. Lower transmembrane pH gradients were associated with slower initial uptakes and smaller overshoots. L-Lactate uptake determined under an inside-directed pH gradient was strongly inhibited by p-chloromercuriphenylsulphonic acid, a protein-thiol oxidizing agent. L-Lactate uptake was: (1) saturable as a function of the concentration of L-lactate, (2) inhibited by monocarboxylic acids such as pyruvate, D-lactate, /-hydroxybutyrate and a-cyano-4-hydroxycinnamic acid, and (3) temperature-dependent. When present inside the vesicles, L-lactate, pyruvate and fl-hydroxybutyrate caused trans-stimulation of L-lactate uptake both in the presence and in the absence of an insidedirected pH gradient, indicating that L-lactate transport is a reversible process that can be shared by other monocarboxylic acids. There were no significant changes in maximal initial rate or in the kinetic parameters of L-lactate transport during the last 3 days of gestation.
INTRODUCTION
The role played by L-lactate as an important metabolic fuel for the fetus and newborn is supported by a considerable body of evidence. Thus lactate is utilized by fetal tissues as a source of energy and carbon skeletons (see Medina et al., 1990) . Actually, lactate is actively utilized by perinatal brain in the rat (Itoh & Quastel, 1970; Shambaugh et al., 1977; Arizmendi & Medina, 1983; Fernaindez & Medina, 1986) , dog (Hellman et al., 1982) and glucose-6-phosphatase-deficient human babies (Fernmndes et al., 1984) . Lactate accumulates in maternal blood during late gestation (Valcarce et al., 1985) , a fact that suggests that maternal lactate may be available for fetal growth. Because the blood-brain barrier is not yet present at this stage of development, the placenta probably controls the passage of lactate to the fetal brain. Considerable evidence supporting lactate transport through placenta has been reported (see Shennan & Boyd, 1987) . Moreover, the occurrence of a carrier-mediated transport system for L-lactate has been characterized in brush-border membrane of human placenta . This system is driven by a proton gradient , as also reported in other tissues (see Edlund & Halestrap, 1988) .
The aim of the present work was to investigate the possible occurrence of a carrier-mediated L-lactate transport system in microvillous membrane of syncytiotrophoblasts from rat placenta. We also studied the possible changes in the affinity and capacity of the lactate carrier that may occur during the last 3 days of gestation. 
Preparation of microvillous membranes
Microvillous membranes from rat placenta were prepared by a modification of the method of Smith et al. (1977) . Albino Wistar rats, of known gestational age (19.5, 20.5 and 21.5 days) fed on stock laboratory diet (carbohydrate 58.7 %, protein 17.0 %, fat 3.0 % and added salts and vitamins) were used for the experiments. Females (mean weight 250 g) were caged with males overnight, and conception was confirmed the following morning by the presence of spermatozoa in vaginal smears. Pregnant rats were killed by cervical dislocation, the fetal-placental units were removed and the fetuses weighed as a further measure of gestational age. Each placenta was perfused with cold low-Ca2+ Krebs-Henseleit buffer (pH 7.4) (Garcia-Marin et al., 1985) until the placenta appeared free of blood. All subsequent steps were then carried out at 4 'C. The maternal layer of each placenta was peeled off and the remaining labyrinthine tissue was washed once in cold Krebs-Henseleit buffer (pH 7.4). The placentas were rinsed three times with 100 mM-CaCl2, weighed and used immediately. The tissue was minced in buffer A (500 mM-sorbitol, 1 mM-EGTA, 0.1 mM-phenylmethanesulphonyl fluoride, 20 mmTris/Mes, pH 7.4) and homogenized by applying 10 up-down strokes of a motor-driven Teflon/glass homogenizer (S-778; B. Braun, Melsungen, Germany). The homogenate was then made up to 10 times the tissue weight with additional buffer A. MgC12 was added to a final concentration of 10 mm and, after standing for 30 min, the homogenate was centrifuged at 800 g for 10 min in a Beckman L8-M centrifuge. This yielded a pellet (P1) and a supernatant (S1). P1 was washed with 5 times the weight strokes of the motor-driven Teflon homogenizer. After addition of MgCl2 to a final concentration of 10 mm, the suspension was left for 15 min. The washed P1 was centrifuged at 800 g for 10 min, resulting in another pellet, which was discarded, and a supernatant (Si'). Supernatants SI and Si' were pooled together and centrifuged at 10400 g for 20 min. The resulting pellet (P2) was discarded, and the supernatant (S2) was centrifuged at 110000 g for 45 min in a Beckman L8-M ultracentrifuge. The final supernatant (S3) was discarded, and the cream-coloured pellet (P3) was resuspended in a small volume of buffer B (500 mM-sorbitol, 20 mM-Tris/Mes, pH 7.4) and homogenized 6 times through a 25-gauge hypodermic needle.
Brush-border membrane vesicles (BBMV) from human term placenta, kindly supplied by the Gynaecology and Obstetrics Unit of the 'Virgen de la Vega' Hospital, Salamanca, Spain, were prepared by the method of Boyd & Lund (1981) and resuspended in the same buffer used for BBMV from rat placenta. The BBMV preparation from human placenta showed an alkaline phosphatase enrichment of 26-fold compared with the washed placental tissue homogenate.
Both human and rat membrane vesicles were adjusted to about 15 mg of protein/ml and stored in liquid nitrogen until use. In order to obtain vesicles preloaded with certain ions or substrates, two distinct procedures were used, with similar results, namely either entrapment during vesicle formation or application of two cycles of freezing and thawing in the presence of the desired solution.
Enzyme assays
The microvillous-membrane vesicle preparation was tested for contamination by other cellular materials by analysing the activity of the following marker enzymes: alkaline phosphatase (EC 3.1.3.1) (Bretaudiere & Spilman, 1984) , 5'-nucleotidase (EC 3.1.3.5) (Bertrand & Buret, 1982) , y-glutamyl transpeptidase (EC 2.3.2.2) (Persijn, 1976) , Na+/K+-ATPase (EC 3.6.1.37) (Scharschmidt et al., 1979) , L-(+)-tartrate-sensitive acid phosphatase (EC 3.1.3.2) (Moss, 1984) , glucose-6-phosphatase (EC 3.1.3.9) (Baginski et al., 1974) and succinate dehydrogenase (EC 1.3.99.1) (Pennington, 1961) . Na+/K+-ATPase activity was determined on the day on which the membrane fractions were prepared. All other determinations were carried out after storage at -80 'C. Protein concentration was measured by a modification of the Lowry procedure (Markwell et al., 1978) (van Melle & Robinson, 1981) . All the calculations were performed with an Apple-Macintosh SE microcomputer.
RESULTS AND DISCUSSION

Purity of microvillous-membrane preparations
The purity of the brush-border membrane preparation was verified by assaying for alkaline phosphatase, 5'-nucleotidase and y-glutamyl transpeptidase, enzymes commonly used as markers for brush-border membranes in placenta; enrichment over the activities found in the homogenate was 5-6-fold (Table  1) . Succinate dehydrogenase activity in the microvillous-membrane preparations was not detectable, indicating the absence of mitochondrial contamination in the preparations. The specific activity of glucose-6-phosphatase (a marker for endoplasmic reticulum) increased 1.6-fold. The specific activity of Na+/K+-ATPase (a basal membrane marker; Boyd et al., 1979) increased 1.5-fold (results not shown), whereas the specific activity of L-(+ )-tartrate-sensitive acid phosphatase was unchanged. This indicates that our microvillous-membrane vesicles were contaminated with endoplasmic reticulum and with basolateral membranes and, to a lesser extent, with lysosomal material. The recovery obtained byourprocedure was 1.69 + 0.12 (mean + S.E.M., n = 6) mg of membrane protein/g of tissue. The efficiency of Mg2+ treatment was determined on the basis of the enrichment in alkaline phosphatase in our BBMV, which showed a 5-fold higher purification than in BBMV prepared in a similar manner but without Mg2+ treatment (McArdle et al., 1984 taken up under standard conditions represents entrapment into the osmotically active intravesicular space. Storelli et al. (1980) reported a slight degree of L-lactate binding in BBMV from rat enterocytes prepared by the Ca2+-precipitation method. However, this result may be due to a limited shrinking capacity of membrane vesicles isolated by this method rather than the binding of L-lactate to the membranes. Nevertheless, this phenomenon was not observed in our BBMV from rat placenta prepared by the Mg2"-precipitation method.
Effect of univalent cations on L-lactate uptake
The effect of inside-positive diffusion potentials generated by cations was examined by studying the effect of a 100 mM-Na+ or -K+ gradient (in/out = 0/100 mm in both cases) on the uptake of 1 mM-L-lactate, both with and without a pH gradient. No significant increase in the initial uptake rates was observed in either case (Fig. 1) . These results lead us to conclude that, in agreement with those described in BBMV from human placenta , L-lactate transport is not coupled to either a Na+ or a K+ gradient. In contrast, an inward-directed proton gradient can provide the driving force for L-lactate uphill transport across the brush-border membrane of trophoblast rat placenta (see below).
Effect of extravesicular pH on L-lactate uptake
We examined the effect of changing the pH value of the incubation buffer on the transport of I mM-L-lactate into BBMV from rat placenta. The extravesicular pH was varied from 5.2 to 8.2 and the intravesicular pH was fixed at 7.4. The results (Fig.  2) show that the maximum uptake rate was observed at pH 5.2, and was about 20-fold higher than at pH 8, suggesting that the proton gradient is responsible for the stimulation of L-lactate transport, as also observed by Tiruppathi et al. (1988) and by Balkovetz et al. (1988) in other preparations.
Effect of an inward-directed H+ gradient on L-lactate uptake
The transport of L-lactate in BBMV from rat placenta was examined in the presence and absence of an inward-directed pH gradient. The results (Fig. 1) show that in the presence of an inward-directed proton gradient (pHin = 7.4 and pHout = 5. equilibrium). When the pH gradient was decreased (e.g. by making pH 0 = 7.4 and pH0u0 = 6.6) both the initial uptake rate and the size of L-lactate 'overshoot' decreased proportionally (results not shown). By contrast, in the absence of a pH gradient the initial uptake rate was strongly diminished and no 'overshoot' was observed (Fig. 1, lower curve) . The effect of a diffusion potential presumably generated by proton movements across the membrane was evaluated by studying the ti-me course of L-lactate uptake in the presence of a K+ gradient ([K1],n :
[K+]ou= 100:10 mM) both with and without a pH gradient. Our results show that, in the presence or the absence of a pH gradient and an outwardly directed K+ gradient, valinomycin does not affect L-lactate uptake significantly (Fig. 1) , as would be expected if the overshoot supported by the pH gradient mainly involves an electroneutral mechanism. These results point to the absence of an electrogenic L-lactate uniport activity, as has been concluded for sialic acid (Mancini et al., 1989) and Cl--coupled proton transport (Vasseur et al., 1989) . However, our results contrast with those obtained by Balkovetz et al. (1988) in BBMV from human placenta, in which an inside-negative membrane potential inhibited L-lactate uptake.
Effect of intravesicular pH on L-lactate uptake In order to elucidate further the role of protons on L-lactate transport in BBMV from rat placenta, we tested the effect of variations in pH in the trans-side of the membrane on L-lactate uptake. In Table 2 a decrease is seen in L-lactate uptake with the decrease in internal pH, indicating that protons on the trans-side of the membrane are inhibitory and/or that the transporter is sensitive to the pH gradient, as has been suggested by Trosper & Philipson (1987) and by Roth & Brooks (1990) for L-lactate uptake in sarcolemmal vesicles.
Temperature-dependence of L-lactate uptake L-Lactate uptake increased 4-fold when temperature rose from 25°to 37°C (results not shown), suggesting a strong temperaturedependence of L-lactate transport across BBMV from rat placenta. A roughly similar temperature-dependent increase in Llactate uptake has been described by Trosper & Philipson (1987) in cardiac sarcolemmal vesicles. These facts support the idea of the existence of a carrier-mediated pathway for L-lactate uptake in BBMV from rat placenta. Additionally, the Arrhenius plot for the accumulation of L-lactate in the 1-0°C range showed a (Basu et al., 1986 ).
Effect of p-CMBS on L-lactate uptake p-CMBS is a fairly specific reagent that oxidizes the thiol groups of proteins, and it therefore inhibits carrier-mediated uptake of L-lactate in cardiac sarcolemmal vesicles (Trosper & Philipson, 1987) . In order to understand better the mechanism of action of p-CMBS, we carried out experiments at constant inhibitor concentration (0.55 mM), with and without preincubation. After 45 min at 25 IC there was a 45 % inhibition of L-lactate uptake, whereas the inhibition was nil in the absence of preincubation (4.50 + 0.38 versus 4.38 + 0.20 nmol/10 s per mg of protein). This time-dependent action of p-CMBS is compatible with an effect of this agent on thiol groups that are partially hidden, i.e. not really accessible at the surface of the vesicles.
Concentration-dependence of L-lactate uptake
The transport of L-lactate in BBMV from rat placenta was examined as a function of increasing substrate concentrations in the incubation medium in the presence of an inwardly directed pH gradient (pHj0/pHo., 7.4/5.4) at 37 'C. The incubation time for these experiments was fixed at 1.7 s in order to estimate initial rates even at concentrations of L-lactate as high as 100 mm (Table 3 ). Fig. 3 shows that L-lactate uptake is a saturable function of its own concentration. As indicated by Poole et al. (1989) , most kinetic work on Llactate transport has so far failed to define the boundaries separating simple diffusion from carrier-mediated transport of this substrate. In order to make this distinction, L-lactate saturation curves were subjected to a non-linear-regression analysis according to an equation involving one saturable and one non-saturable (diffusional) To assess Kd with a certain degree of accuracy, our iteration procedure would require the use of substrate concentrations above the saturation point of the system (Brot-Laroche et al., 1986) . The best fit of our results yielded evidence for the existence of a single saturable process (Vmax. 57 nmol/s per mg of protein, apparent Km 59 mM) but indicated the diffusion constant, Kd, to be indistinguishable from zero. These results suggest that Llactate uptake across BBMV from rat placenta is the result of a carrier-mediated process. Linearization of the data by the Eadie-Hofstee transformation (Fig. 3, inset) gave the same values for kinetic parameters, and also showed the occurrence of a single transport system with very low affinity for L-lactate in rat placenta. In order to understand the physiological meaning of this kind of L-lactate transport system with such a low affinity, we carried out the experiment on concentration-dependence of Llactate uptake in BBMV from human placenta under the same experimental conditions. Non-linear-regression analysis of the data (van Melle & Robinson, 1981) gave the following results:
Kd= 0 nl/s, Vm.ax = 51.2 nmol/s per mg of protein, and Km = 46.5 mm. These results are very similar to those found in rat placenta, suggesting that L-lactate crosses the brush-border trophoblast membrane from both rat and human placenta through a carrier-mediated system with a high capacity and very low affinity.
However, the apparent Km values for L-lactate in BBMV from rat and human placenta were much higher than the reported concentrations of L-lactate in human (1 mM ; Balkovetz et al., 1988) and rat plasma at term (5 mM; Juanes et al., 1986) . Nevertheless, the existence of a specific transport system for L- It should be mentioned that the kinetic parameters of the Llactate transport system described by Balkovetz et al. (1988) in BBMV from human placenta (Km = 4 mm and Vmax. = 1.8 nmol/s per mg of protein) differ considerably from those found by us in BBMV from rat and human placenta. These discrepancies about the values of the kinetic parameters are easily explained by the fact that our results were obtained by working at the true initial rate (at 1.7 s; see Table 3 ), whereas Balkovetz et al. (1988) Table 4 , all the monocarboxylic acids preloaded inside the vesicles stimulated L-lactate uptake under conditions both with and without a pH gradient. This phenomenon ofcountertransport suggests that under appropriate biochemical conditions L-lactate and the other monocarboxylic acids tested can be transported in both directions by the same carrier. A similar interpretation has been offered for countertransport of acidic monosaccharides in lysosomal membranes (Mancini et al., 1989) . Since L-lactate transfer should occur either from maternal to fetal blood or vice versa, it is likely that the reversibility of the carrier would represent a physiological mechanism for the transfer of L-lactate between both compartments. Thus at the end of gestation the L-lactate produced by the fetus must then be transported to the maternal circulation (Kraan & Dias, 1975) .
Inhibitory effect of monocarboxylic acids on L-lactate uptake
In order to elucidate whether monocarboxylic acids share a common carrier in BBMV from rat placenta, as has been suggested for human placenta and cardiac myocytes (Poole et al., 1989) In conclusion, our results suggest that passive diffusion of Llactate is virtually nil in both rat and human placenta. This result is easy to understand if we take into consideration the pK of lactic acid. In the pH range used in our experiments, the lactate ion will be the only quantitatively significant species present in solution. Because of its lipophobicity, it can therefore be expected that the overall rate of diffusion of the lactic acid/lactate pair across the membrane would be nil. However, L-lactate is transported by a saturable low-affinity high-capacity carrier driven by an inside-positive proton gradient. This system is reversible and may be shared by other monocarboxylic acids. The affinity and the capacity of the carrier do not change during the last 3 days of gestation, suggesting that the putative vectorial changes in L-lactate transport observed during gestation are not achieved by modifications of the intrinsic properties of the Llactate carrier.
